Perisynaptic astroglia are critical for normal synaptic development and function. Little is known, however, about perisynaptic astroglia in the human hippocampus. When mesial temporal lobe epilepsy (MTLE) is refractory to medication, surgical removal is required for seizure quiescence. To investigate perisynaptic astroglia in human hippocampus, we recovered slices for several hours in vitro from three surgical specimens and then quickly fixed them to achieve high-quality ultrastructure. Histological samples from each case were found to have mesial temporal sclerosis with Blumcke Type 1a (mild, moderate) or 1b (severe) pathology. Quantitative analysis through serial section transmission electron microscopy in CA1 stratum radiatum revealed more synapses in the mild (10/10 lm 3 ) than the moderate (5/10 lm 3 ) or severe (1/10 lm 3 ) cases. Normal spines occurred in mild and moderate cases, but a few multisynaptic spines were all that remained in the severe case. Like adult rat hippocampus, perisynaptic astroglial processes were preferentially associated with larger synapses in the mild and moderate cases, but rarely penetrated the cluster of axonal boutons surrounding multisynaptic spines. Synapse perimeters were only partially surrounded by astroglial processes such that all synapses had some access to substances in the extracellular space, similar to adult rat hippocampus. Junctions between astroglial processes were observed more frequently in moderate than mild case, but were obscured by densely packed intermediate filaments in astroglial processes of the severe case. These findings suggest that perisynaptic astroglial processes associate with synapses in human hippocampus in a manner similar to model systems and are disrupted by severe MTLE pathology. V V C 2009 Wiley-Liss, Inc.
INTRODUCTION
Astroglial processes normally provide neuroprotection (Rosenberg and Aizenman, 1989) , enhance synapse efficacy and maturation (Hama et al., 2004; Mazzanti and Haydon, 2003; Murai et al., 2003; Pfrieger and Barres, 1997) , and mediate selective synapse elimination (Stevens et al., 2007) . Hippocampal perisynaptic astroglial processes are associated with larger synapses, but newly formed or small synapses have little or none (Witcher et al., 2007) . Epilepsy affects 50 million people worldwide, and mesial temporal lobe epilepsy (MTLE) is among the most prevalent and most refractory to medical treatment (Spencer, 2002) . Hence, surgically resected human hippocampus becomes available as a source of human brain tissue for experimental analysis. Loss of neurons and dendritic spines and the formation of varicose dendritic shafts have been associated with seizures (Jiang et al., 1998; Multani et al., 1994; Scheibel and Scheibel, 1977; Swann et al., 2000) , and the remaining synapses have included giant spines, tortuous spines, axon-free postsynaptic densities (PSDs), and synapses in aberrant locations (Baloyannis and Kim, 1979; Chen and Hillman, 1982; Fiala et al., 2002; Raisman and Field, 1973) . Perisynaptic astroglial may also be an important component of the synaptic pathology of MTLE.
Previously, we demonstrated that three or more hours of recovery in vitro was required for rat hippocampal slices to recover from trauma after dissection and display excellent ultrastructure (Fiala et al., 2003) . We applied these methods of recovery and rapid microwaveenhanced fixation (Jensen and Harris, 1989) to preserve synapses in slices from human hippocampus. Sections prepared for histological analysis revealed different patterns of mesial temporal sclerosis (MTS) of Type 1a or 1b (Blumcke et al., 2007) . Three-dimensional reconstructions and unbiased volume analyses were obtained through serial section transmission electron microscopy (ssTEM) to examine perisynaptic astroglial relationships and to understand whether there might be changes specifically associated with the synaptic and dendritic pathology of MTLE.
MATERIALS AND METHODS
Patients were screened according to a series of clinical tests performed during routine presurgical assessment including clinical history, neurological tests, neuroimaging studies, neurodevelopment assessments, scalp electroencephalogram (EEG), and clinical pathologic examination. Results of all assessments were accessible from the patient's medical records for correlation with laboratory findings. Patients selected for study were all of female gender in their second decade of life (Table 1 ). All were treated with two or three antiepileptic drugs (AEDs) for at least 4 years without successful control of seizures. The AEDs included combinations of oxcarbazepine (Patients B, C, and D), topiramate (Patients A, B, and C), and/or levetiracetam (Patients A, C, and D). Patient A had an extrahippocampal temporal mass lesion (ganglioglioma WHO-1) with no hippocampal involvement and served as a histological control for assessing tissue from Patients B, C, and D as described below. Surgical anesthetic and enbloc hippocampectomy were similar between patients. Parent's informed consent documents and children's assent documents were obtained at the beginning of each study. All protocols were approved by the Institutional Review Board at the Medical College of Georgia.
Quantitative Analysis of Histology
For Nissl staining, 5-lm-thick sections were cut from paraffin blocks. Sections were air-dried overnight (37°C), deparaffinized in xylene (Fisher Scientific, Pittsburgh, PA), hydrated through graded alcohols to distilled water, and stained with 0.5% Cresyl ECHT Violet (Fisher Scientific) for 10 min. Sections were then rinsed in distilled water, dehydrated, cleared with xylene, and mounted on microscope slides for further examination.
For GFAP immunohistochemistry, 4-lm-thick sections were cut from paraffin blocks and mounted on treated slides (Superfrost Plus, VWR Scientific Products, Suwanee, GA). Sections were air-dried overnight and then placed in a 60°C oven for 30 min. Sections were deparaffinized and processed through graded alcohols to distilled water. Endogeneous peroxidase was quenched with 0.3% H 2 O 2 in distilled water for 5 min followed by distilled water for 2 min and 13 PBS for 5 min. Sections were then incubated with primary antibody GFAP (rabbit polyclonal) (Dako, Carpinteria, CA) at 1:4,000 dilution for 30 min at room temperature followed by two changes of 13 PBS. Sections were then incubated with a Labelled Polymer conjugated to goat antimouse immunoglobulins (Envision plus HRP Kit, Dako) for 30 min and rinsed twice in 13 PBS. Bound antibody was detected with DAB1 substrate kit (DAB1 substrate kit for peroxidase-HRP, Dako). Sections were then counterstained with hematoxylin (Thermo Fisher Scientific, Waltham, MA). Negative control sections went through the same protocol with the exception of the primary antibody.
Slides were scanned using the Aperio ScanScope CS digital slide scanner (Aperio, Vista, CA) with the Olympus 203/0.75 NA Plan Apo objective (Olympus America, Center Valley, PA) and additional 2.1253 magnification resulting in a lateral resolution of 0.22 lm/pixel. Brightness and contrast adjustments were made for uniformity of appearance (Adobe Photoshop 7.0, Adobe Systems, San Jose, CA). Using the Aperio Spectrum TM digital pathology management software, we identified the best hippocampal section available for each sample (see Fig.  1 ). Serial sections were not available for these light microscopy analyses; hence, it was not possible to use modern stereological cell counting methods. Nevertheless, a systematic approach was used to count CA1 neurons and estimate their density in stratum pyramidale of proximal area CA1. Magnification was set at 203 to obtain a total field size of 0.13 mm 2 in s. pyramidale. Six contiguous fields were captured across s. pyramidale beginning just distal to the junction with CA2 (Andrioli et al., 2007) . All neuronal cell bodies completely contained within these viewing fields were counted and average densities were computed per case. The hippocampus from Patient A was used as a control for histological comparison among the cases (see Fig. 1 ). Tissue from Patient A had been collected prior to these studies and hence was not available for EM. Unfortunately, additional ''normal'' hippocampal controls did not become available during the 4.5 years of this study.
Recovery of Human hippocampal Slices
Acute hippocampal slices were prepared immediately after resection according to standard methods (Kirov et al., 2004) , because live recovery in vitro was needed to preserve ultrastructural integrity (Fiala et al., 2003;  2 each were analyzed (mean 6 SEM, mild did not differ significantly from Control, P 5 0.33; moderate and severe differed significantly from Control, *P < 0.05; **P < 0.0005). Kirov et al., 1999; Witcher et al., 2007) . During surgery, it required less than 2 min to resect the hippocampus after cutting the main blood supply, resulting in healthy slices. A small sample of hippocampal tissue (2 cm) was immediately cut and collected into ice-cold oxygenated sucrose-based ACSF (Sucrose-ACSF) containing 210 mM sucrose, 2.5 mM KCl, 25 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 8 mM MgSO 4 , 10 mM glucose, pH 7.4, osmolality 290 mOsm/kg H 2 O, and transferred from the operating room to a laboratory adjacent to the operating suite. To protect against spine loss (Kirov et al., 2004) , acute hippocampal slices (400 lm) were prepared with ice-cold Sucrose-ACSF using a vibrating-blade microtome (VT1000S, Leica Instruments). Slices were transferred by a widebore pipette into an incubation chamber and placed onto 0.4-lm millicell inserts (Millipore, Bedford, MA) positioned over wells containing standard ACSF and maintained at the interface of humidified 95% O 2 -5% CO 2 atmosphere at 32°C, pH 7.4. The standard ACSF contained 120 mM NaCl, 2.5 mM KCl, 25 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 2.5 mM CaCl 2 , 1.3 mM MgSO 4 , 10 mM glucose, pH 7.4, resulting in 290 mOsm/kg H 2 O.
The average delay between surgical resection and placing the first slice into the incubation chamber was about 5 min. Slices were incubated for 3-4 h for ultrastructural recovery (Fiala et al., 2003) and then rapidly fixed during 8 s of microwave irradiation in mixed aldehydes (2% paraformaldehyde, 6% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, and containing 2 mM CaCl 2 and 4 mM MgCl 2 ) and stored overnight in fixative at room temperature (Jensen and Harris, 1989) .
Electron Microscopy
A small piece of tissue containing the CA1 region was microdissected and subsequently processed through reduced osmium [1% OsO 4 with 1.5% K 4 Fe(CN) 6 ] followed by 1% OsO 4 , to preserve and enhance membranes, and then exposed to 1% uranyl acetate, dehydrated, and embedded in Epoxy Resins and hardened for 48 h at 60°C (Harris et al., 2006) . Samples from the middle of s. radiatum at an optimal depth of 150-200 lm beneath the slice surface were obtained from each of Patients B, C, and D for ssTEM. Series of 40-50 sections, each 45 nm thick, were cut on an Ultracut T ultramicrotome (Leica Instruments). A total of nine series, three from each case, were collected on Pioloform-coated slot grids (Synaptek, Electron Microscopy Sciences) and stained with ethanolic uranyl acetate followed by Reynolds' lead citrate (Harris et al., 2006) . These series were positioned to be separated by more than 100 lm to avoid overlapping astrocytic processes (Bushong et al., 2002 (Bushong et al., , 2004 . These protocols produced well-stained and readily identifiable neuronal and astroglial processes ( Fig. 2a-c ).
Quantification Through ssTEM
Serial sections were photographed at the JEOL 1230 transmission electron microscope (Peabody, MA). Images were digitally captured at a magnification of 5,0003 using the GATAN UltraScan 4000 camera (Gatan, Pleasanton, CA). Series were coded and analyzed blind to patient (Fig. 2d ). Images were digitally optimized for brightness and contrast to visualize structures of interest. Some images in the figures are colorized to highlight particular structures. Three-dimensional alignment, reconstruction, and analyses were performed using the RECONSTRUCT TM software (Fiala, 2005) , which is freely available (http://synapses.clm.utexas.edu/tools/ index.stm). Pixel size was calibrated relative to a diffraction grating replica (Ernest F. Fullam, Latham, NY), and section thickness was calibrated using the cylindrical diameters method (Fiala and Harris, 2001a) . Surface areas of cross-sectioned synapses were computed by measuring their lengths on individual sections, multiplying by section thickness and summing over sections. Synapses cut enface were outlined and the enclosed area calculated. Surfaced reconstructions were completed using RECONSTRUCT TM for most of the figures and OsiriX software for Fig. 6d (Rosset et al., 2004) .
Dendritic Spine Classifications
Dendritic spines were classified as thin, mushroom, stubby, and giant (Fiala et al., 2002; Harris et al., 1992) . Briefly, spines were judged thin if ssTEM revealed the length to be greater than the neck diameter, and the diameter of the neck and head to be similar. Spines were classified as mushroom if the diameter of the head was greater than 0.6 lm and was much greater than the diameter of the neck. Stubby spines had the diameter of the neck similar to the total length of the spine. Giant spines had large heads and a reconstructed volume bigger than most mushroom spines and multiple small synapses with different presynaptic axons.
Presynaptic Vesicle Quantification
We attempted to quantify all presynaptic vesicles. Presynaptic vesicle membranes were less distinct in tissue from Patient D and somewhat less distinct in the tissue from Patient C, relative to the tissue from Patient B. Hence, the total number of presynaptic vesicles could not be reliably counted. Fortunately, it was possible to quantify the number of docked presynaptic vesicles. Docked presynaptic vesicles were identified through serial sections and were counted if their membrane was adjacent to the plasma membrane of the presynaptic axon at the active zones defined by the extent of the postsynaptic density [see also Harris and Sultan (1995) , Henze et al. (2002) , and Xu-Friedman et al. (2001)].
Statistics
Excel software (Microsoft, Redwood, CA) was used to organize the data, and Statistica (StatSoft, Tulsa, OK) was used to obtain means and standard deviations and to perform regression analyses, ANOVAs, ANCOVAs, and post-hoc t-tests. Data from the three series in each patient were grouped by patient where appropriate and graphed as mean 6 SEM. Criterion P was <0.05.
RESULTS

Relative Differences in the Histology of Hippocampal Tissue Selected for ssTEM
Histological assessment of hippocampal sclerosis was based on light microscopic evaluation of formalin-fixed, Synapses intersecting bottom face were included and synapses intersecting top face were excluded (top and bottom faces not shown). Included synapses were encircled with red on the first section where the PSD appeared in the series and then circled with dark blue on adjacent serial sections to identify them and assure that none were double counted. Red and dark blue spheres illustrate included synapses and yellow spheres illustrate excluded synapses in e.
paraffin-embedded, Nissl-stained, and GFAP immunostained sections. Hippocampal tissue from Patient A provided a ''control'' comparison without detectable histopathologies ( Fig. 1a and Table 1 ). Patient B had mesial temporal sclerosis (MTS) Type 1a (Blumcke et al., 2007) with less than 50% neuronal loss in the hippocampal CA1 and slight involvement of CA3 and CA4 regions (Fig. 1b,f) . Mild to moderate reactive astrogliosis was most prominent in the proximal CA1, where it was tile-like and focally interdigitating (Fig. 1e) . Hence, for the purpose of quantitative analysis with ssTEM, the hippocampus from Patient B was considered to have a ''mild pathology.'' Patient C also had classical MTS Type 1a and demonstrated more than 50% neuronal loss in CA1 with substantial involvement of CA3 and CA4 subfields (Fig. 1c,f) and moderate reactive astrogliosis in the CA1 region (Fig. 1e) and therefore was considered to have a ''moderate pathology.'' Patient D had severe MTS Type 1b with more than 90% neuronal loss with hypertrophic reactive astrogliosis in the CA1 region ( Fig. 1d-f ) and more than 50% neuronal loss and astrogliosis affecting the CA3 and CA4 regions. Thus, Patient D was considered to have a ''severe pathology.'' The CA2 and subicular subfields as well as the parahippocampal gyri were preserved within normal histologic limits in all three cases. Patient A was initially seizure-free, but subsequently developed a focus in the frontal lobe. Patients B, C, and D were seizure-free at a follow-up period of at least 12 months after surgery.
Ultrastructural Disorganization Accompanied Progressive Histological Changes
Dendrites in the mild case had intact membranes, uniformly spaced microtubules, clear cytoplasm, and intact subcellular organelles (Fig. 2a) . Asymmetric synapses were evident on dendritic spines and their presynaptic axonal boutons contained round synaptic vesicles typical of excitatory glutamatergic synapses (Fig. 2a) . Symmetric synapses typical of inhibitory GABAergic synapses were evident along some dendritic shafts. Presynaptic membranes were slightly less distinct in the moderate case (Fig. 2b) , while other features were similar to the mild case. In contrast, dendrites in the severe case had intact membranes with subcellular organelles and clear cytoplasm, but microtubules arrays were disorganized, synapses were rare, and presynaptic membranes were much less distinct as compared with the mild case. The mild and moderate cases had compact neuropil with little extracellular space (Fig. 2a,b) , whereas there was much more extracellular space and numerous astroglial processes were filled with dense-staining filaments in the severe case (Fig. 2c) . Thus, progressive ultrastructural disorganization paralleled progressive histological changes.
Unbiased Analysis of Spines and Synapses in Volumes of Human Hippocampal Neuropil
We used ssTEM and unbiased volumetric analysis (Fiala and Harris, 2001b) to quantify ultrastructural relationships in the neuropil (Fig. 2d,e) . This analysis expands beyond traditional two-section disector stereology (West et al., 1988) , because it allows for more complete identifications and measurements of objects including dendrites, synapses, spines, axons, and perisynaptic astroglia (Fig. 2a,b) . Three samples 100 lm 3 each were photographed from each hippocampal slice providing 300 lm 3 per patient and 900 lm 3 in total. Overall, 329 synapses were characterized in 3D from these samples with 191 synapses in the mild, 113 in the moderate, and 25 in the severe cases.
Progressive Synapse Loss
Asymmetric, presumably excitatory, synapses were characterized by a thickened postsynaptic density (PSD) adjacent to a presynaptic axonal bouton containing round clear vesicles (Fig. 3a-e) . Symmetric, presumably inhibitory or modulatory, synapses occurred directly on the dendritic shafts and were characterized by uniformly thin pre-and postsynaptic densities and smaller, pleiomorphic vesicles in the presynaptic axonal bouton (Fig.  3f ). Mild and moderate pathologies had normal-appearing spines with a single macular PSD located on thin shaped spines (Fig. 3g,h ) and macular, perforated, or segmented PSDs located on mushroom-shaped spines (Fig. 3i,j) .
The density of asymmetric synapses was significantly less in the moderate and severe cases than in the mild case (Fig. 3k) . Symmetric synapses are normally rare in s. radiatum of area CA1; however, their density was slightly elevated in moderate relative to mild case, but none were observed in the severe case (Fig. 3k) . Similarly, the ratio of symmetric to asymmetric synapses was 4% in mild and 12% in moderate tissue. Spines with a thin shape accounted for 84% of all asymmetric spine synapses in the mild case, whereas a significant decrease in the frequency of mushroom spines resulted in a relative increase in thin spines in the moderate case (Fig. 3l ). There were also significantly more stubby spines (6%) in the moderate than the mild (1%) case. Only one thin and no mushroom or stubby spines were found in the severe case (Fig. 3l) .
Multisynaptic ''Giant'' Dendritic Spines
In the severe case, most (96%) of the 24 synapses were located on seven multisynaptic ''giant'' spines (see Fig. 4 ). These spines had large heads with multiple postsynaptic densities (PSDs) that formed synapses with different presynaptic axonal boutons (Fig. 4a-c) . The reconstructed volume of the giant spine presented in Fig. 4b is 0.44 lm 3 . For comparison, the reconstructed volumes of thin spines presented in Fig. 3g and Fig. 3h were 0.048 lm 3 and 0.12 lm 3 , respectively, while the reconstructed volumes of mushroom spines were 0.38 lm 3 (Fig. 3i) and 0.35 lm 3 (Fig. 3j) . Multisynaptic spines were rare in the mild and moderate cases (7 and Fig. 3 . Spine synapses in human hippocampus. In the mild case, (a) typical thin spine (yellow) and (b) typical thin and (c) mushroom spines with perisynaptic astroglia (light blue) form synapses with axonal boutons containing round clear vesicles (green). Typical (d) thin and (e) mushroom spines in the moderate case. (f) Symmetric synapse on a dendritic shaft in the moderate case (scale bar in f is for a-f). Reconstructions of thin spines in the mild (g) and moderate (h) cases, and mushroom spines in the mild (i) and moderate (j) cases (scale cube in j is for g-j). (k) Volumetric densities of asymmetric synapses (black bars) and symmetric synapses (gray bars) in each case (*P < 0.05; **P < 0.0005 relative to mild; P < 0.05; à P < 0.0005 relative to moderate). (l) Fraction of spines in the thin (black), mushroom (gray), and stubby (white) shape categories (**P < 0.0001 relative to mild, à P < 0.0001 relative to moderate). 2%, respectively; Fig. 4d ), and in these conditions, they were similar in shape and size to the thin and mushroom spines.
Number of Presynaptic Docked Vesicles Was Proportional to Synapse Area
We have previously shown that the number of docked vesicles correlates well with the total number of vesicles in a presynaptic bouton and with the size of the PSD in the rat hippocampus (Harris and Sultan, 1995; Lisman and Harris, 1993) . Here, we measured the surface area of PSDs and quantified docked vesicles adjacent to PSDs in the mild, moderate, and severe cases (Fig. 5a-g ). The number of docked vesicles well-correlated with the size of the PSD in the mild and moderate cases (Fig. 5h) . The range in size of individual PSDs on the multisynaptic spines was 0.009-0.275 lm 2 with a mean value of 0.065 6 0.055 lm 2 , which was significantly larger than those on typical thin spines with a mean value of 0.041 6 0.026 lm 2 (P < 0.05), but smaller than typical mushroom spines with their mean value of 0.161 6 0.099 lm 2 (P < 0.0001). Too few synapses remained to determine whether this trend also held for the severe case. These findings suggest that the correlation between presynaptic vesicle numbers and PSD surface area also holds in human hippocampus, but might be disrupted in severe case.
Astrogliosis and Specialized Interastroglial Junctions
At the ultrastructural level, normal astroglial processes were identified by their interdigitation among neuronal processes, the presence of glycogen granules in a clear cytoplasm, and the restriction of bundles of inter- naptic spine that had three synapses with different presynaptic axons, two are on this section and one is on another section. (d) Multisynaptic spines were rare in the mild and moderate conditions, whereas nearly all of the synapses remaining in the severe condition were on multisynaptic giant spines (**P < 0.0001 relative to mild, à P < 0.0001 relative to moderate). mediate filaments to cell soma and large proximal processes (Bushong et al., 2002; Ventura and Harris, 1999) . The mild case had normal-appearing astroglial processes (Fig. 6a) . In the moderate case, some of the thin astroglial processes had bundles of filaments along their lengths (Fig. 6b) , whereas thin astroglial processes (0.20-0.35 lm in diameter) in the severe case were filled with dense staining filaments obscuring the cytoplasm (as, arrows) in the severe case were filled with filaments, so much so that their cytoplasm was nearly obscured. By adjusting the contrast, glycogen granules became apparent in some portions of the processes (thick arrow, and inset). Scale bar in (c) is for (a-c) . (d) Three-dimensional reconstruction of the dense astroglial processes (negative, white) from the severe case illustrating their arrangement in the tissue. (e) Relative to the mild case, the fraction of the total sample volume occupied by astroglial processes was greater in the moderate (*P < 0.05) and severe (**P < 0.005) cases. (f) The astrocytic surface area/volume ratio was greater in the severe than the mild (*P < 0.05) or moderate (**P < 0.001) cases. (g) Example junctions (arrows) between apposed astrocytic processes from moderate case. (h) More astrocytic junctions were present in moderate than mild case (*P < 0.05). (Fig. 6c) . Reducing image contrast revealed glycogen granules in some of the astroglial processes in the severe case (Fig. 6c, inset) . Three-dimensional reconstruction of these dense staining processes showed a complex heterogeneous arrangement within the neuropil, which was particularly obvious when displayed in reverse color (Fig. 6d) . The volume fraction of astroglial processes was greater in the moderate (8.7 6 2%) compared with the mild case (4.8 6 0.6%, Fig. 6e) , and the dark astroglial processes occupied 10.4 6 1% of the sample volumes in the severe case. The ratio of surface area to volume of astroglial processes did not differ between the mild or moderate cases (Fig. 6f) , but was greater along the thin densely stained processes in the severe condition.
Junctional specializations were observed between astroglial processes (Fig. 6g) . Three-dimensional quantification showed a significantly lower frequency of these astroglial junctions in the mild (0.31/10 lm 3 ) than the moderate (0.97/10 lm 3 ) case (Fig. 6h) . The dark aggregates of filaments in astroglial processes in the severe case obscured membranes; hence, it was not possible to ascertain whether these junctions were present in this condition.
Relationships Between Perisynaptic Astroglia and Human Hippocampal Synapses
The axon-spine interface (ASI) was examined through serial sections to determine the locations of perisynaptic astroglia in the mild (Figs. 3b,c and 7a) , moderate (Figs. 3e and 7b), and severe (Figs. 4a,c and 7c) cases. In the mild and moderate cases, 40 and 46% of synapses had astroglial processes present in the ASI, while in the severe case only 16% of the multisynaptic giant spines had perisynaptic astroglia (Fig. 7d) . In all three cases, synapses with perisynaptic astroglia were larger than synapses without (Fig. 7e) . Only 1% of the synapses were completely surrounded by perisynaptic astroglia; hence, at 99% of all synapses, at least part of the ASI perimeter had no perisynaptic astroglia, leaving open a route for spillover of glutamate and other substances. The length of this open perimeter, i.e. astroglia-free length, was computed in 3D for each synapse (Witcher et al., 2007) . There was a strong positive correlation between the astroglia-free length of the ASI perimeter and PSD area at synapses in the mild and moderate cases (Fig. 7f) . Thus, larger synapses also had more access to substances in the extracellular space.
The shortest astroglia-free route was measured from the edge of the ASI through extracellular space to the nearest neighboring synapse either within or across serial sections as previously described (Witcher et al., 2007) . These distances were measured in a subset of 73 synapses that was selected at equal intervals across the full range of PSD sizes in all three cases. Most synapses had neighbors located within 1.5 lm, and the greatest distance measured along an astroglia-free path through the extracellular space (ECS) was 3.3 lm. These distances did not correlate with synapse size, degree of pathology, or the presence/absence of perisynaptic astroglia at the ASI. Interestingly, although there was a greater occupancy of glia in the neuropil of the moderate case, the remaining synapses were separated by longer astrogliafree distances than synapses in the mild case, suggesting that the astroglial processes do not simply hypertrophy around and between the remaining synapses (Fig.  7g) . Since there were so few synapses left in the severe case, it was not possible to determine average astroglialfree path lengths between giant spines. Instead, neighboring synapses on a single giant spine head were nearly contiguous with one another with no interdigitating astroglial processes (Fig. 7c) .
DISCUSSION
Hippocampal slices prepared immediately after surgical resections were maintained in vitro for high-quality ultrastructural recovery and preservation. Perisynaptic astroglial processes were preferentially associated with larger synapses in the human hippocampus, like the adult rat model system (Witcher et al., 2007) . The perimeters of the axon-spine interfaces were only partially surrounded by astroglial processes so that all these human synapses had some access to substances in the extracellular space, like the adult rat hippocampus. Progressive dendritic and axonal disruption, synapse loss, and astrogliosis were associated with increasing severity of the MTLE histopathology. In addition, specialized interastroglial junctions were greater in the moderate than the mild case suggesting that signaling between astrocytes might also increase with severity of MTLE histopathology.
Variation Among Patients
The presurgery duration of the seizure disorder was opposite to the histopathological findings, with mild being longer than moderate, which was longer than severe. Differences in age bracketed the histopathology with moderate being oldest. According to pathological classification for MTS (Blumcke et al., 2007) , Patients B and C had MTS Type 1a, while Patient D had MTS Type 1b with severe histopathology. We further distinguished patterns of histopathology in Patients B and C through quantification of neuron loss and astrogliosis in light microscopy as mild and moderate. To control for the possible influences of AEDs, we selected patients with overlapping medication profiles. The youngest patients did not have menstruation; however, previous studies from ovariectomized rats and nonhuman primates showed only a 20-30% phasic fluctuation in synapse number under the influence of gonadal hormones (Leranth et al., 2002; Woolley and McEwen, 1992; Woolley et al., 1996) . Synapse density was 50 and 90% less in the moderate and severe, relative to the mild case. Thus, differences in duration of epilepsy, age of the patient, AED, or phases of the menstrual cycle were not likely to be responsible for the reported findings.
Human Hippocampal Synapses and Dendritic Spines
Dendritic spines in the mild and moderate cases had normal thin and mushroom shapes with dimensions comparable to those found in normal adult rat hippocampus (Harris and Stevens, 1989) . Synapse size wellcorrelated with the number of docked presynaptic vesicles suggesting coordination between pre-and postsynaptic composition and dimensions occurs in the human hippocampus like in the rat hippocampus (Harris and Stevens, 1989; Harris and Sultan, 1995; Lisman and Harris, 1994) . Epileptic seizures have long Fig. 7 . Perisynaptic astroglia. 3D reconstructions from the mild (a) and moderate (b) cases show perisynaptic astroglial processes (turquoise) at the edges of synapses (PSDs, red) between dendritic spines (yellow) and presynaptic axons (green). (c) In the severe case, the astroglial processes (turquoise) hovered around the periphery of many presynaptic axons (multicolored), which synapses on a single multisynaptic spine (yellow). (d) Fraction of synapses with perisynaptic astroglia at the ASI is less in the severe than mild (*P < 0.05) or moderate (**P < 0.01) cases. (e) Synapses were smaller when astroglial processes were absent from the ASI (*P < 0.05). (f) Correlation between total PSD area and the length of the ASI perimeter not apposed by astroglial processes (mild, r 5 0.73, P < 0.0001; moderate, r 5 0.58, P < 0.0001; severe, r 5 0.28, P 5 0.18, data not shown). (g) The average astrogliafree distance through extracellular space to the nearest neighboring synapse was greater in moderate (0.98 6 0.17 lm) than the mild (0.46 6 0.05 lm) case (**P < 0.01).
been associated with dendritic spine loss (Jiang et al., 1998; Multani et al., 1994; Scheibel and Scheibel, 1977; Swann et al., 2000) , which has been attributed to calcium-and glutamate-mediated excitotoxicity (Swann et al., 2000) . Spine loss can also result from partial deafferentation or activity-dependent pruning (Fiala et al., 2002; Jiang et al., 1998; Parnavelas et al., 1974; Paul and Scheibel, 1986; Swann et al., 2000) . In the severe case, a few multisynaptic spines remained and have been referred to as ''giant spines'' (Fiala et al., 2002) . Their measured volumes were only 15% larger than mushroom spines and the size of the individual PSDs on multisynaptic spines was smaller than average mushroom PSDs. Thus, the multisynaptic spines appear to have resulted from competition among axons for synaptic sites on the few spines that were present in the severe case. Together these findings suggest that multisynaptic or ''giant'' spines were unlikely to be the original cause of the epileptic pathophysiology.
The ratio of symmetric (inhibitory) to asymmetric (excitatory) synapses in the mild case was low and similar to that found in normal adult rat hippocampus (Megias et al., 2001 ). More inhibitory input in the moderate case could indicate reactive inhibitory synaptogenesis, while absence of symmetric synapses in the severe case might signify reduced inhibition. The significance of this finding is not clear, because diverse modifications of inhibitory circuits in epileptic human hippocampus are often not correlated with specific histopathological alterations (Arellano et al., 2004) .
Effects of Astrogliosis and Elevation in Specialized Interastroglial Junctions
We also found more astroglial processes with increasing histopathology and an elevation in intermediate filaments to the point where they obscured the cytoplasm in astroglial processes of the severe case. These findings are consistent with previous reports of increased reactive astrogliosis paralleling severity in MTLE (Eid et al., 2008; Jabs et al., 2008; Krishnan et al., 1994; Mathern et al., 1997; Mitchell et al., 1999; Van Paesschen et al., 1997) . Other neurological diseases also show alterations in gross astroglial morphology and glial dysfunction (Binder and Steinhauser, 2006; Lee et al., 2006; Matute et al., 2006; Tian et al., 2005; Wetherington et al., 2008) , while more subtle changes in the amount of astroglia accompany spine fluctuations during estrus, long-term potentiation, and kindling in the hippocampus (Hawrylak et al., 1993; Lam and Leranth, 2003; Wenzel et al., 1991) and during environmental enrichment and motor learning in visual and motor cortices (Jones and Greenough, 2002) . In normal rat hippocampus, glutamate transporters can be found in perisynaptic neuronal membranes (Chen et al., 2002) , but they are most highly concentrated along astroglial membranes (Bergles and Jahr, 1998; Chaudhry et al., 1995; Lehre and Danbolt, 1998) . Thus, elevated glutamate transport and less extracellular glutamate might be expected with progressive astrogliosis during MTLE.
Glutamate transporters have been detected in astroglial processes in sclerotic hippocampus (Bjornsen et al., 2007; Eid et al., 2004) , but their numbers are reduced (Mathern et al., 1999; Proper et al., 2002) . Furthermore, despite the widespread loss of neurons and synapses, glutamate receptors are increased in epileptic hippocampus (Brines et al., 1997; Matute et al., 2006; Seifert et al., 2004) . In addition, extracellular glutamate concentration is higher than normal in epileptic hippocampus (Cavus et al., 2005; During and Spencer, 1993) . Perhaps the expanded astroglial surface area results in a lower density of glutamate transporters (Bjornsen et al., 2007) and more glutamate receptors to respond to the elevated concentration of extracellular glutamate.
Astroglia communicate by calcium signaling through gap junctions (Cornell-Bell and Finkbeiner, 1991; Dani et al., 1992; Verkhratsky and Kettenmann, 1996) . Upregulation of gap junction proteins has been associated with reactive astrogliosis in MTLE (Fonseca et al., 2002) . We discovered specialized junctions between astroglial processes, which occurred more frequently in the moderate than the mild case. If these specialized junctions are astroglial gap junctions, then elevated calcium signaling between astroglia could facilitate release of glutamate from the astroglia (Eid et al., 2008; Fellin et al., 2006; Montana et al., 2006; Tian et al., 2005) and might contribute to glutamate excitotoxicity during MTLE.
Perisynaptic Astroglia Occur at Larger Human Hippocampal Synapses
Astroglial processes also function to preserve and eliminate synapses. Secretion of thrombospondin and cholesterol from neighboring astroglia facilitates synaptogenesis in tissue culture (Christopherson et al., 2005; Mauch et al., 2001) . Contact with perisynaptic astroglia promotes structural integrity, persistence, and efficacy of synapses (Hama et al., 2004; Piontek et al., 2002; Schuster et al., 2001; Spacek and Harris, 1998) . Conversely, astroglial secretion of complement cascade proteins protects strong synapses, but punishes smaller competing synapses and results in appropriate synapse elimination (Stevens et al., 2007) . The absence of interdigitating astroglial processes might help to explain why multiple synapses could form on a single spine in the absence of the ''punishing'' effect of complement cascade.
We found perisynaptic astroglia at 40-45% of the human hippocampal synapses in the mild to moderate cases, which compares to 60% of normal adult rat hippocampal synapses (Ventura and Harris, 1999; Witcher et al., 2007) . Whether this represents a significant decrease resulting from prior epileptic seizures or a difference between rat and human hippocampus will require more study.
In both rat and human hippocampus, larger synapses were more likely to have some perisynaptic astroglia and the degree to which synapses were surrounded by astroglial processes decreased proportionately with increasing synapse size, thus leaving much of the perimeter open and susceptible to spillover of substances at larger synapses (Ventura and Harris, 1999; Witcher et al. 2007 ). Astroglial uptake of extracellular glutamate can be impaired during epilepsy (Cavus et al., 2005; Proper et al., 2002) . However, if enough glutamate can be transported away there may be a neuroprotective effect of perisynaptic astroglia (Harris and Rosenberg, 1993; Rosenberg and Aizenman, 1989) . In addition, the astroglia-free distances between neighboring synapses were greater in the moderate than the mild condition, which might ameliorate the effects of spill over. Thus, synapse specificity may have been preserved in the mild case by the perisynaptic astroglia and in the moderate case by diffusion distances. In contrast, synapses on individual multisynaptic spines in the severe case had no intervening astroglia; hence, they might have shared neurotransmitters and had compromised input specificity among the many axons that synapsed on each of them.
CONCLUDING REMARKS
Three-dimensional reconstruction of hippocampal synapses revealed similarities between the rat model system and humans. The human cases with mild or moderate histopathology had intractable epileptic seizures that were cured by removal of their hippocampus. Nevertheless, the synapses in the surgical specimens were similar to normal adult rat hippocampus in morphology, composition, and degree of association with perisynaptic astroglia. The case with severe histopathology was also cured of seizures by removal of the hippocampus, but the few synapses remaining in this surgical specimen were highly aberrant, showing multisynaptic spines and loss of synapse-specific associations with perisynaptic astroglia. More work of this nature will be needed to determine which forms of MTLE or other seizure disorders destroy synapses and whether perisynaptic astroglia might be targeted to restore synaptic function in human hippocampus. 
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